Electron microscopy of the RSC chromatin-remodeling complex reveals a ring of protein densities around a central cavity. The size and shape of the cavity correspond closely to those of a nucleosome. Results of nuclease protection analysis are consistent with nucleosome binding in the cavity. Such binding could explain the ability of RSC to expose nucleosomal DNA in the presence of ATP without loss of associated histones.
Materials and Methods
RSC was prepared as described (6) . Nucleosomes were formed from 154-bp DNA, uniformly labeled with [␣-32 P]dATP, and rat liver histones as described (10) . Reactions of RSC with nucleosomes were in 15 l containing 15 mM Hepes (pH. 7.5), 3 mM MgCl 2 , 10 mM potassium acetate, and 75 g/ml BSA, for 20 min at 30°C.
To prepare samples for electron microscopy, about 3 l of protein solution (Ϸ30 g/ml) was applied to freshly glowdischarged (in the presence of amylamine), carbon-coated Maxtaform, 300-mesh Cu͞Rh grids (Ted Pella, Inc., Redding, CA), and preserved by negative staining in uranyl acetate. All images were collected under low-dose conditions on Kodak SO-163 film.
Images were recorded at 0.3 m underdefocus and ϫ60,000 Ϯ1% magnification, using a Philips CM120 (FEI͞Philips) microscope equipped with a LaB 6 filament, operating at an accelerating voltage of 100 kV. Micrographs were digitized on a Zeiss SCAI flat-bed scanning densitometer (ZI͞Zeiss) with a step size of 7 m. Digitized images of particles preserved in negative stain were 3-fold pixel-averaged, which resulted in a pixel size of 3.312 Å on the object scale. All image processing was carried out by using the SPIDER software package (14) .
Results
RSC is a 15-subunit complex with a total mass of Ϸ10 6 Da (6), large enough for meaningful 3D reconstruction from electron micrographs of individual particles. To this end, images of particles preserved in negative stain were recorded at tilt angles of 0°and 55°. Images from the zero-tilt micrographs were subjected to reference-free alignment and averaging (15) . The results were indicative of a predominant orientation of the particles on the electron microscope grid, but with considerable variation in particle structure or conformation (not shown). The images were therefore processed by hierarchical ascendant classification (16) , which divided them into comparatively homogeneous groups. At the limited resolution of this analysis (Ϸ25 Å) and in projection, the top half of the RSC structure appeared fairly constant, whereas the bottom part varied in position, and was in some cases entirely absent (Fig. 1) .
Particles in tilted micrographs corresponding to those in the zero-tilt micrographs were used to calculate 3D reconstructions. The resolution of the reconstructions was estimated at Ϸ26-30 Å by the Fourier Shell correlation method (17, 18) . RSC was seen to consist of four modules surrounding a central cavity ( Fig.  2A) . Differences in the 3D reconstructions from different homogeneous groups defined in projection revealed only small changes in the conformation and relative position of three of the modules (defining the top portion of the central cavity), but revealed significant variation in the position of the fourth module (Fig. 2B) .
Biochemical studies have shown that RSC binds tightly to a nucleosome (K a Ϸ 10
), forming an apparent 1:1 complex (19) . In the presence of ATP, RSC converts the bound nucleosome to an ''activated'' state, characterized by an enhanced susceptibility of the DNA to nuclease attack (6) . The size and shape of the central cavity in the RSC reconstruction are appropriate for binding a nucleosome: there is a snug fit of the x-ray structure of a nucleosome core particle, with no steric clash (Fig. 3) .
This mode of RSC-nucleosome interaction is supported by results of nuclease digestion analysis. Despite the well known capacity of RSC and related chromatin-remodeling complexes to expose nucleosomal DNA to nuclease attack in an ATPdependent manner, we report here that RSC confers protection against digestion. The rate of double-strand cleavage of nucleosomal DNA by micrococcal nuclease was diminished by RSC, both in the presence and absence of ATP (Fig. 4A) . The rate of single-strand cleavage by DNase I was also much reduced, both in the presence and absence of ATP (Fig. 4B , compare intensities of uppermost bands, caused by uncut DNA). Finally, the pattern of cutting by DNase I was affected by RSC, even in the absence of ATP: the nucleosome alone was maximally exposed to digestion every 10 residues, as expected; addition of RSC produced a ''footprint,'' with a diminished frequency of digestion at major sites outside the central region. These findings are readily explained by nucleosome binding in † To whom correspondence should be addressed. E-mail: asturias@scripps.edu. the RSC cavity. General protection against nuclease attack and a RSC footprint over much of the nucleosomal DNA are indicative of RSC enveloping the nucleosome. Persistent exposure of the DNA in the central region of the nucleosome is also consistent with binding in the RSC cavity: the central region, near the midpoint (dyad) of the two turns of DNA around the histone octamer, is located between the DNA entering and leaving the nucleosome; DNA can only enter and leave through the opening of the RSC cavity; the central region of the nucleosome will therefore be exposed at the opening of the cavity.
It is noteworthy that addition of ATP to the RSC-nucleosome complex did not alter the overall susceptibility of the DNA to digestion; the amount of uncut DNA remained about the same (Fig. 4) . Rather, the addition of ATP affected the cutting pattern, exposing the entire DNA, as noted (8) . Such exposure might occur if the nucleosome were to rotate, revealing all sites in the opening of the RSC cavity.
Discussion
The possibility of nucleosome binding in the RSC cavity can be tested by structure determination of a RSC-nucleosome com- Fig. 1 . Structure of RSC in projection. A total of 5,880 RSC particles preserved in uranyl acetate were computationally aligned and sorted into homogeneous classes (according to their conformation) using Hierarchical Ascendant Classification (16) . A central area of lower density is apparent in several of the class averages shown (Ϸ45% of particles). Most of the variation in RSC conformation is related to a domain forming the bottom part of the structure, which is either missing (Ϸ35% of particles) or collapsed against the top of the structure (Ϸ22% of particles).
Fig. 2.
The RSC chromatin-remodeling complex. (A) RSC consists of four modules that define a central cavity. Two views of the structure (front and back) are shown. Scale bar corresponds to 100 Å. (B) The most significant variation in RSC conformation was caused by the collapse (Upper) or absence (Lower) of a module that forms the lower part of the RSC structure.
plex. Images of RSC-nucleosome complexes preserved in negative stain were more homogeneous than those of RSC alone, as shown by hierarchical ascendant classification, indicative of reduced conformational variability of RSC due to interaction with the nucleosome. A preliminary 3D reconstruction was consistent with binding in the cavity, but the extra density was less than expected for a nucleosome (data not shown). The deficiency could reflect incomplete occupancy of the cavity (though there was other evidence of significant RSCnucleosome interaction), or may have resulted from an artifact of staining.
Although binding of a nucleosome in the RSC cavity therefore remains speculative, it is in keeping with biochemical evidence for a 1:1 RSC-nucleosome complex and with a high affinity of RSC for naked DNA. It could also explain the central paradox of RSC action: the DNA in the activated state of the nucleosome is exposed along its entire length, and yet the nucleosome remains intact. The sequestration of the nucleosome in the RSC cavity might permit a partial separation without loss of association of the histones and DNA. (21) . The close fit between the nucleosome and the RSC cavity is apparent in two different views (front and top). Scale bar corresponds to 100 Å.
Fig. 4.
Nuclease protection analysis of RSC-nucleosome complexes. (A) Micrococcal nuclease digestion. Nucleosomes (25 ng DNA) were treated with RSC (125 ng, s and OE) or no RSC (F), and with ATP (0.5 mM, OE) or no ATP (F and s). Micrococcal nuclease was then added in the amounts indicated (u, units) for 5 min at 37°C, followed by 15 l of 50 mM Tris⅐Cl, pH 8͞20 mM EDTA͞0.5 M NaCl͞1% SDS. DNA was recovered by digestion with proteinase K and phenol-chloroform extraction, followed by electrophoresis in a 7% polyacrylamide gel in TBE buffer. The percentage of the DNA remaining in the band due to the full-length 154-bp fragment was determined with a PhosphorImager. (B) DNase I footprinting. Nucleosomes containing 3Ј-end-labeled DNA, or the DNA alone, were treated with RSC and ATP or not as indicated, followed by DNase I digestion and gel electrophoresis, all as described (6) .
